Wildlife populations often exhibit unequal catchability between subgroups such as males and females. This heterogeneity of capture probabilities can bias both population size and sex ratio estimates. Several authors have suggested that this problem can be overcome by treating males and females as separate populations and calculating a population estimate for each of them. However, this suggestion has received little testing, and many researchers do not implement it. Therefore, we used two simulations to test the utility of this method. One simulated a closed population, while the other simulated an open population and used the robust design to calculate population sizes. We tested both simulations with multiple levels of heterogeneity, and we used a third simulation to test several methods for detecting heterogeneity of capture probabilities. We found that treating males and females as separate populations produced more accurate population and sex ratio estimates. The benefits of this method were particularly pronounced for sex ratio estimates. When males and females were included as a single population, the sex ratio estimates became inaccurate when even slight heterogeneity was present, but when males and females were treated separately, the estimates were accurate even when large biases were present. Nevertheless, treating males and females separately reduced precision, and this method may not be appropriate when capture and recapture rates are low. None of the methods for detecting heterogeneity were robust, and we do not recommend that researchers rely on them. Rather, we suggest separating populations by sex, age, or other subgroups whenever sample sizes permit.
Introduction
A fundamental assumption of many population estimators is that all individuals are equally catchable (or observable), but in nature, truly equal capture probabilities are rarely, if ever, achieved [1] . There are several ways that capture probabilities can vary within a population, and one of the most common occurs when one sex exhibits higher catchability than the other, often because of behavioral differences such as males searching for mates. These sex-specific biases have been observed in a wide range of taxa including: arthropods [2] [3] , fish [4] , amphibians [5] , reptiles [6] , mammals [7] [8] , and birds [9] .
Heterogeneity of capture probabilities between males and females can adversely affect not only population estimates, but also sex ratio estimates and estimates that rely on accurate sex ratios (e.g., biomass). For example, both Ream and Ream [10] and Gibbons [6] found that there were large differences in the sex ratios of turtles captured by different methods, and relying on any one method resulted in an inaccurate representation of the population structure. Similar artificially biased sex ratios have been reported in other taxa [11] [12] [13] , and the trapping methods used in those studies caused large deviations from the actual sex ratio.
Several authors have suggested that the impact of sex-specific biases on population estimates could be largely ameliorated by treating males and females as separate populations [14] [15] [16] [17] [18] . Although some studies have applied this technique (e.g., Szymanski et al. [19] ), there are few formal tests of its consequences in the literature, and this method is often not utilized in studies that would seemingly benefit from it. Two studies that did employ separation of sexes to estimate population sizes [20] [21] found that this technique only slightly improved the accuracy of population estimates, and it resulted in low precision. However, both studies involved small populations, and it is not clear if their conclusions are widely applicable.
Another solution to the problem of unequal catchability has been to develop mark-recapture estimators that are specifically designed to deal with heterogeneity in capture probabilities. Many such models are available (reviewed in [22] [23] [24] [25] [26] ), and ecologists often utilize them rather than blocking their analyses by sex, age, etc. However, even in situations where those estimators produce accurate and precise population estimates, the problem of biased sex ratios remains. In other words, even if a heterogeneity model accounts for the differences in the capture probabilities of males and females and produces a robust population estimate, the sex ratios (which are typically calculated simply as the number of marked males divided by the number of marked females) may still be inaccurate. Additionally, because many species have strong sexual dimorphisms in size, biomass estimates often rely on accurate calculations of the sex ratio. Thus, inaccurate sex ratio estimates may skew other important population parameters such as biomass.
Because of the biases that plague sex ratio estimates, separating sexes may still be a useful technique, even when using heterogeneity models. To our knowledge, only one study has tested the utility of deriving sex ratios from separate population estimates for males and females, and the authors did find a benefit from this method [5] . This result is useful and extremely promising; however, this study only examined one population of one species, so it is difficult to be certain that the result will generally hold true for populations with different levels of trapping heterogeneity.
Here, we used simulations to conduct a thorough test of this method for both population size and sex ratio estimates under a range of conditions, including both open and closed populations. Although this method is intuitive and, based on our observations, appears to be widely recognized among population biologists who are well-versed in the theory behind population estimators, it is often not applied by field ecologists and land managers. Our study aims to bridge that gap between theory and application by focusing on practical applicability rather than theoretical implications. A thorough analysis of the implications of subsetting the data by sex to estimate population size, sex ratio, or both will help to highlight the value and broad applicability of this method. In keeping with that goal, we also used simulations to compare several common tests for equal catchability and determined whether they were adequate for detecting heterogeneous capture probabilities among subgroups.
Materials and methods

Simulations separating males and females
We developed two scripts in the program R (version 3.1.1; [27]) to test the concept that the accuracy of population and sex ratio estimates could be improved by treating males and females as separate populations. The first of these simulated a closed population (S1 Script), and the second simulated an open population (S2 Script). Both simulations used the package "Rcapture" (version 1.4-2; [28] ) to calculate the population estimates. Both scripts were designed to be versatile, and users can adjust the actual population size, the number of individuals that are captured during each marking period (this can also be set to a range), the sex ratio, and the capture probabilities (i.e., the probability of catching one sex relative to the other). For the open population simulations, it is also possible to set the number of individuals that emigrate and immigrate (these values can be set separately for each sex). Both simulations calculate a population estimate by using all individuals as well as by combining separate estimates for males and females. They also calculate the sex ratio by dividing the number of marked males by the number of marked females and by dividing the calculated male population size by the calculated female population size. For the purposes of this paper, we conducted a series of representative simulations, but the scripts are designed to be easy to use so that readers can conduct additional simulations if desired.
Closed populations. The closed population simulator conducts a mark-recapture study with a total of eight sampling periods, and it calculates the population estimates using the "closedp" function. This function calculates population size estimates using the suite of models proposed in Otis et al. [29] . However, for the current study, only the M0 model (no sources of bias) and Mh model (trapping heterogeneity) are relevant because there was neither a time bias (i.e., individuals were equally catchable during each sampling period) or behavioural bias (i.e., being captured did not affect the probability of being captured again). For the sake of having a full range of comparisons available, we programmed the simulation to calculate estimates using both the M0 and Mh models, but we expected the M0 model to be the most accurate for calculations that separate males and females (because separating them removes the heterogeneity), and we expected the Mh model to be the most accurate for estimates that did not separate males and females (except for simulations where males and females were equally catchable, in which case M0 should have been the most accurate). Therefore, we decided a priori that for the comparisons discussed in this paper, we would use the M0 model for estimates that separated males and females, and we would use the Mh model for estimates that did not separate them (except for simulations when no heterogeneity was present).
Within the Mh models, the function can calculate estimates using the models proposed by Chao [30] and Darroch et al. [31] , as well as the Poisson model discussed in Rivest and Baillargeon [32] . To determine which Mh model to use for our study, we visually examined the results of 30 simulations that included trapping heterogeneity and returned the full output of the closedp function. The Chao model produced the best result in 20 cases, Darroch in 7, and Poisson in 3. Also, the differences between the results were small, and even when Chao was not the most accurate estimate, it would have been the model that we selected based on BIC values, Pearson residuals, standard errors, and the other descriptive statistics returned by the closedp function. Therefore, we chose the Chao model for our heterogeneity simulations.
We used an actual population size of 300 for all simulations, and we conducted three series of simulations: a series with an even sex ratio and 40 individuals captured during each sampling period, a series with an even sex ratio and 20 individuals captured during each sampling period, and a series with a male biased sex ratio (2:1) and 40 individuals captured during each sampling period. For each series, we simulated 250 populations at each of the following biases: 1, 1.5, 2, 3, and 4 (1 = males and females were equally catchable, 1.5 = males were 1.5 times as likely to be captured as females, 2 = males were twice as likely to be captured as females, etc.).
Open populations. The open population simulator conducts a mark-recapture study that is designed to be analysed using the robust design proposed by Pollock [33] . It uses a total of 12 sampling periods, and individuals are able to emigrate and immigrate between periods 3-4, 6-7, and 9-10. Thus, there are four primary sampling periods that are separated by three "open" periods, and there are three secondary sampling periods within each primary period. The individuals that immigrate and emigrate are randomly selected within each sex, and individuals that emigrate can immigrate later and vice versa (immigrants are randomly chosen from a "neighbouring population" that consists of the same number and sex ratio of individuals as the starting population; thus, immigrants are removed from that neighbouring population, and emigrants are added to it). For calculations that include both males and females, the simulation uses the Mh Chao model, and for calculations that separate males and females, it uses the M0 model (see Closed populations).
We conducted six series of simulations, each of which used a starting population size of 300 individuals, an even sex ratio, and 40 individuals captured per sampling period. For each series, we simulated 250 populations at each of the following biases: 1, 1.5, 2, 3, and 4 (1 = males and females were equally catchable, 1.5 = males were 1.5 times as likely to be captured as females, 2 = males were twice as likely to be captured as females, etc.).
Simulations for tests of equal catchability
We constructed a final R script to test several methods for detecting heterogeneity of capture probabilities (S3 Script). This script conducts a mark-recapture study with eight sampling periods in an identical fashion to the closed population simulator, but instead of calculating population estimates, it runs several published tests for equal catchability: the Chapman test [34] , the zero-truncated Poisson test [35] , and a chi-square test comparing the number of recaptured and non-recaptured males and females [22, [36] [37] . To ensure that the calculations in the script were working properly, we tested them on the sample data in Krebs [15] .
Additionally, the script tests two methods that we thought were intuitive for examining heterogeneity between subgroups (like males and females). The first of these is simply a Fisher's exact test comparing the frequencies with which individuals of each sex were captured (i.e., a contingency table with the number of males captured once, number of males captured twice, etc. compared to the number of females captured once, the number captured twice, etc.). The second method uses a Wilcox-Mann-Whitney test to compare the median rank of captures per individual between males and females (i.e., each data point is simply the total number of times a given individual was captured). For this test, the script uses the "wilcox_test" function in the package "coin" (version 1.1-2), because it is capable of dealing with ties [38] . Finally, the script also returns the ratio of marked males to marked females so that it is easy to see how much heterogeneity actually existed.
We conducted two series of simulations with a population size of 300 individuals and an even sex ratio. For the first set, 40 individuals were captured during each capture period, and for the second set, 20 individuals were captured per capture period. For each series, we simulated 250 populations at each of the following biases: 1, 1.5, 2, 3, 4, 5, and 6 (1 = males and females were equally catchable, 1.5 = males were 1.5 times as likely to be captured as females, 2 = males were twice as likely to be captured as females, etc.).
Results
Closed populations
In many situations, separating males and females resulted in more accurate population estimates. This was especially clear in the simulations where a large number of individuals were captured ( Fig 1A) . As expected, the benefits of treating males and females as separate populations were greatest when the trapping biases were greatest. In Fig 1A, for example, at both a 3x and 4x male trapping bias, the mean value for estimates that were calculated by separating males and females was very close to the true value; whereas, the mean estimate from the simulations that did not separate sexes was substantially lower than the true population size, and the true value did not fall within one standard deviation of the calculated mean.
The benefits of separating the sexes were especially strong in the sex ratio estimates ( Fig  1D) . In all of our simulations, the sex ratio that was calculated from treating males and females separately was very close to the true sex ratio, while the sex ratio derived from the number of marked males and females was highly inaccurate even when a relatively small bias was present. This was the case even when only 20 individuals were captured in each recapture period (with no bias, 1.5x male trapping bias, and 2x bias, the mean ratios of marked males to females were 1:1, 1.4:1, and 1.7:1, respectively; whereas the ratios that were calculated by separating males and females were 1.1:1, 1:1, and 1:1, respectively).
This method was not, however, without drawbacks. Although it was usually more accurate, it was less precise for population estimates (precision was similar between methods for sex ratio estimates). Also, when no biases were present, it was generally slightly less accurate than leaving males and females as a single population. Additionally, its accuracy decreased when either few individuals were captured or the sex ratio was male biased (Fig 1B and 1C) . However, that result is largely an artifact of our simulation methods (see Discussion).
Open populations
The results of the open population simulations were similar to those of the closed populations. Separating males and females generally produced more accurate estimates, but the precision was lower, especially when the trapping bias was high (Fig 2A and 2B) . Also, both estimates were still inaccurate when bias was present. Separating the sexes generally overestimated the population size, while keeping them together underestimated the population size. Additionally, separating the sexes when large trapping biases were present sometimes resulted in a right-skewed distribution of simulation results, which can be illustrated by comparing the mean and median results (Fig 2A and 2B) . These outliers were generally the result of models that were poorly fit due to a low numbers of captures for one sex, and are largely an artifact of our simulation design (see Discussion). In real populations, model outputs can be used to determine whether or not a model is poorly fit, and these spurious results can be avoided.
The sex ratio estimates were generally much more accurate when males and females were separate; however, they tended to slightly underestimate the true value when the male trapping bias was high. Nevertheless, that slight underestimate was still more accurate than the large overestimate that resulted from simply dividing the number of marked males by the number of marked females (Fig 2C) .
Tests of equal catchability
The Chapman and zero-truncated Poisson tests both performed poorly and consistently failed to detect even very large differences in capture probabilities (Fig 3) . In contrast, the chi-square test, Fisher's exact test, and Wilcox-Mann-Whitney test all performed comparatively well when there were large biases and 40 individuals were captured in each sampling period ( Fig  3A) , but they did not perform well when only 20 individuals were captured (Fig 3B) . The Wilcox-Mann-Whitney test performed the best out of the three, but when capture rates were low, it still never detected heterogeneity in more than 90% of samples, even when very large biases were actually present (in the most extreme cases, males were six times as likely to be captured as females). Also, none of the tests were effective at detecting a sampling bias of 1.5, even though these small biases still produced skewed sex ratios (Fig 3C) .
Discussion
Separating males and females: Population estimates
In general, our results support the conclusion that treating males and females as separate populations is an effective way of dealing with sex-specific heterogeneities of capture probabilities. This method is equally applicable to other subgroups such as age classes. Additionally, we found that the heterogeneity models were typically inadequate for dealing with situations where subgroups had differing capture probabilities, and researchers should not rely entirely on them. Separating males and females is, however, limited by sample size. Population estimators are more precise when a large portion of the population is both captured and recaptured, and splitting males and females effectively cuts the sample size in half [23] . Thus, we expected a loss of precision from this technique.
The fact that the variation increased as the sample sizes decreased explains the inconsistency between our results and the results of Koper and Brooks [20] and McCullough and Hirth [21] . Our results suggest that separating males and females is most effective when sample sizes are fairly large. However, both Koper and Brooks [20] and McCullough and Hirth [21] based their results on small populations, which may explain why they found that treating males and females separately did not adequately improve population estimates.
Throughout our simulations, sample size was continually the main factor that reduced the accuracy and precision of the results. For example, in Fig 1A, the standard deviation increases greatly as the trapping bias increases, but that is a result of sample size. The biases in our simulator are proportional to each other, while the number of individuals captured per capture period is fixed. Thus, if 40 individuals are captured during each sampling period and the bias is 1, then males and females are equally likely to be captured, and, on average, we expect to catch 20 males and 20 females in each sampling period. In contrast, if the bias is set to 4, then we expect to catch four males for every female, so on average, we expect to catch 32 males and only 8 females per sampling period. This resulted in multiple very poor estimates for females, which greatly inflated the standard deviations. Indeed, in many cases (such as the open simulations) we were unable to simulate low overall capture rates or high biases because there were not enough captures of females to obtain a population estimate (e.g., at 20 individuals per sampling period and a bias of four, an average of only four females were captured in each sampling period). Similarly, having a biased sex ratio resulted in very low capture rates for one sex, which reduced the precision of the estimates. The following tests were compared: Wilcox-Mann-Whitney U (this paper), Fisher's exact (this paper), chi-square [14, 23, 36] , Chapman [34] , and zero-truncated Poisson [35] . (A) The number of tests (out of 250) that gave a significant result when 40 individuals were captured in each sampling period. (B) The number of tests (out of 250) that gave a significant result when 20 individuals were captured in each sampling period. (C) The number of marked males divided by the number of marked females (mean for 250 simulations) despite a 1:1 sex ratio for all individuals (i.e., this shows that high levels of heterogeneity did exist, even when the tests were failing to detect it).
https://doi.org/10.1371/journal.pone.0184101.g003
Importantly, the Rcapture package includes very useful outputs such as errors, BIC values, and Pearson residuals that researchers can (and should) use to assess the fit of the chosen model, and for the erroneous female estimates that were produced by low numbers of captures, those outputs showed that the estimates were unreliable. Nevertheless, those estimates were included in our results because our simulation is automated. We chose to include inaccurate estimates rather than having the simulation filter them out because we wanted to give an honest representation of the results, but for actual population estimates, investigators presumably would recognize that those models are inaccurate and would switch to other estimators. In other words, when deciding whether or not to treat males and females as separate populations, researchers should carefully examine the total number of captures and recaptures for each sex to see if those numbers are sufficient for reliable population estimates. Similarly, they should pay careful attention to the model outputs to see if the estimates are reasonable. If the models produce errors or very wide confidence intervals, then researchers may want to leave males and females as a single population rather than treating them separately. In short, researchers should generally separate males and females whenever possible, but in situations where very few individuals of one sex were captured/recaptured, it may not be possible to do so.
Separating males and females: Sex ratios
The benefits of treating males and females as separate populations were particularly pronounced for sex ratio estimates. This method produced accurate estimates across nearly all of our simulations, even when biases were high and capture rates were low. In contrast, sex ratios that were calculated from simply dividing the number of marked males by the number of marked females were inaccurate anytime that trapping biases were present. Therefore, we strongly recommend that researchers calculate sex ratios by separating males and females and calculating separate population estimates for each group. However, in cases of extreme trapping bias, it may simply be impossible to generate reliable sex ratios.
Tests for heterogeneity and model selection
We found that two common tests for heterogeneity (Chapman and the zero-truncated Poisson test) are unreliable for detecting heterogeneity between two subgroups. Indeed, these tests are actually designed for detecting the type of heterogeneity that arises from traps modifying behaviour (i.e., being captured changes the probability of being captured again [34] [35] ), but many researchers use them as a very general test for equal catchability. Based on our results, doing so is inadvisable because these tests will not detect differences in subgroups.
In contrast, both the chi-square method (which is specifically designed for detecting heterogeneity among subgroups [14, 23, 36] ) and the Fisher's exact test did a good job of detecting heterogeneity when a large number of individuals were captured, but they did not perform as well as simply using a Wilcox-Mann-Whitney test to compare the median ranks of the number of times that individuals were captured. Additionally, none of the tests performed well when few individuals were captured (though the Wilcox-Mann-Whitney test continued to perform the best), and none of them were effective at detecting small differences in capture probabilities, even though those differences still produced biased sex ratios.
Based on these results, if a researcher wants to test their population for equal catchability, it will be necessary to use a test that is specifically designed for detecting differences among subgroups, and we recommend using the Wilcox-Mann-Whitney test (or Kruskal-Wallis if more than two subgroups are present [e.g., males, females, and juveniles]). However, because none of the tests were reliable with small sample sizes or low levels of heterogeneity, we suggest that authors should not rely on them if they fail to detect heterogeneity. Different levels of catchability between males and females is very common, and most real populations probably have at least a small amount of heterogeneity. Therefore, we recommend that authors err on the side of caution and separate their populations into subgroups whenever the sample size permits them to do so.
Finally, it is worth noting that our recommendations only apply to heterogeneity among subgroups. Researchers should still test for other sources of heterogeneity and use the appropriate models to compensate for them. For example, if a population exhibits both heterogeneity between the sexes and a behavioral effect (i.e., being captured changes the probability of being recaptured), then researchers should split the population by sex, and use the appropriate behavior model within each sex.
Conclusions and recommendations
In summary, our simulations showed that treating males and females as separate populations improved population estimates and, especially, sex ratio estimates. However, for calculating population sizes, this method was less precise, and it was limited by sample size. Therefore, we recommend that researchers use it whenever possible, but in situations where one sex has low capture/recapture rates, it may not be possible to do so. In contrast, this method improved sex ratio estimates in nearly every simulation that involved trapping biases. Therefore, we think that it should be used widely for sex ratio estimates. Additionally, we found that tests for equal catchability are not particularly effective at detecting differences among subgroups. Therefore, we recommend that researchers do not rely on them, and instead simply block their estimates by subgroups whenever possible. 
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